Bacillus thuringiensis var. israelensis crystal proteins were purified by FPLC on a Mono Q column to yield 130,65,28,53,[30][31][32][33][34][35] and 25 kDa proteins. All the purified proteins killed Aedes aegypti larvae after citrate precipitation, but the 65 kDa protein was the most toxic. A precipitated mixture of 27 and 130 kDa proteins was almost as toxic as solubilized crystals. In assays against a range of insect cell lines, the activated form (25 kDa) of the 27 kDa protein was generally cytotoxic with the lowest LCs0 values in vitro. By contrast, the activated forms of the 130 kDa and 65 kDa protoxins (53 kDa and 30-35 kDa proteins, respectively) were much more specific than the 25 kDa protein in their action on dipteran cells, and each showed a unique toxicity profile which, in the case of the 130 kDa preparation, was restricted to Anopheles and Culex cell lines.
obtained from Dr S. S. Sohi, Canadian Forest Pest Management Institute, Ontario, Canada) and C. fumiferanu H11 cells (obtained from Dr D. Edwards, Mycogen Corporation, San Diego, USA) were grown in Grace's medium (Hink, 1972) . Spodoptera figiperda (Lepidoptera, fall armyworm, pupal ovary), Helwthis zea (Lepidoptera, cotton bollworm, adult ovary), Trichoplusia ni (Lepidoptera, cabbage looper, adult ovary) and Mamestra brassicae cells (Lepidoptera, cabbage moth) were obtained from Mrs T. Lescott and grown in TClOO medium (Gardiner & Stockdale, 1975) . Lymantria dispar cells (Lepidoptera, adult ovary) were obtained from Biological Sciences Research Centre, Shell Development Company, and grown in TClOO medium. All media contained 10% (v/v) foetal calf serum (Gibco) and gentamycin (50 pg ml-I). Cells were grown at 28 "C.
Purijication of the crystal proteins. To isolate the crystal proteins several methods were used.
(a) 27 and 230 kDa proteins. Purified crystals were incubated in 50 m-Na,CO,/HCl, pH 10-3, at 37 "C for 60 min, followed by centrifugation at lOOOOg for 10 min in an Eppendorf Minifuge. The pellet was incubated at 50 rnM-Na2CO3/HCl, pH 9.5, containing 5 mwphenylmethylsulphonyl fluoride and 10 m~-EDTA at 37 "C for 45 min. Dithiothreitol was added to a final concentration of 10 m, and the sample incubated at 37 "C for a further 30 min. Purification of the 27 and 130 kDa proteins from this solution was done using fast protein liquid chromatography (FPLC) on a Mono Q column (Pharmacia). The column was equilibrated with l o w -NH4HC03, pH 8.5 (pH adjusted with ammonia solution), and the protein was eluted using a 10-800 m~-NH4HC03 (pH 8.5) gradient, over 40 min, at a flow rate of 1 ml min-l.
(b) 25 kDa protein. Fractions containing the 27 kDa protein peak from the FPLC were pooled and incubated with trypsin (20 pg ml-I) at 37 "C for 30 min. The sample (3 ml) was applied to the Mono Q column and eluted using a 10-600 ~M-NH,HCO, (pH 8.5) gradient.
(c) 53 kDa protein. The fractions containing the 130 kDa protein peak were incubated with trypsin (100 pg ml-l) at 37 "C for 2 h. The sample was applied to the Mono Q column equilibrated with 10 m~-NH,HC03, pH 10, and eluted (with a stepwise gradient) at 472 m-NH,HCO,, pH 10.
( d ) 65 kDa protein. Bti crystals were incubated in 50 m-Na2C03/HCl, pH 9.5, containing 10 mdithiothreitol, at 37 "C for 60 min. The sample was centrifuged and the pellet incubated in 50 nm-NazC03, pH 11.3, at 37 "C for 60 min. The 65 kDa protein was purified on a Sephadex G-75 column equilibrated with 50 mwNH4HC03, pH 8.5, and eluted at a flow rate of 12 ml h-l.
(e) 30-35 kDa proteins. Fractions under the 65 kDa protein peak were pooled and incubated with trypsin (20 pg ml-l) at 37 "C for 30 min. The 30-35 kDa proteins were eluted (with a stepwise gradient) at 407 mMMosquito bioassay. Mosquito bioassays were done using 5-d-old Aedes aegypti larvae grown from eggs, generously supplied by Mr D. Funnel (Shell Research). The purified proteins were precipitated by adjusting the pH of the sample to pH 4.5 with 12% (w/v) citric acid, and kept at -20 "C for 3 h. The precipitate was centrifuged at 15000 g for 15 min and washed with 2 mM-sodium citrate buffer, pH 4.5. Toxicity of solubilized Bti crystals was determined after the following treatment. The crystals were incubated in 50 m-NazCO,/HC1, pH 9-5, containing 10 mM-dithiothreitol at 37 "C for 60 min and centrifuged. The supernatant was collected and the pellet incubated in 50 m~-Na&o,, pH 11.3, at 37 "C for 60 min. Both supernatants were pooled and precipitated as above. All bioassays were done in 2 mM-sodium citrate buffer, pH 4.5, to prevent solubilization of the precipitated protein, with appropriate controls. Mortality was recorded at 24 h and the LC,, values calculated using interpolation.
Tissue culture assay. Insect cells were harvested and resuspended at 5 x lo5 cells ml-I. Samples (100 pl) of the cell suspension were added to each well of a 96 well microtitre plate. The plates were pretreated with collagen (rat NH4HC03, pH 10.
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tail, Sigma) at 1 mg ml-l or with 1 % (w/v) gelatin for the lepidopteran cells. All cells were incubated at 28 "C for 2 h. The tissue culture medium was removed and 100 p1 of the toxin, diluted in tissue culture medium, was added. Cells were incubated at 28 "C for 30 min (27,25,65 and 30-35 kDa proteins) or 90 min (1 30 and 53 kDa proteins). Cells were then washed twice with Dulbecco's phosphate-buffered saline (Oxoid) (PBS). Neutral red (100 p1, 0.5 mg ml-l) solution was added to each well and the trays were incubated at 28 "C for 90 min. 
RESULTS
The crystal proteins were purified by selective solubilization and ion-exchange chromatography (Fig. 1) . FPLC of soluble Bti proteins on a Mono Q column at pH 8.5 resulted in the purification of the 27 and 130 kDa proteins (Fig. 2) , and the 25 kDa protein following tryptic digestion of the 27 kDa protein (Fig. 3) . The 65 kDa protein was purified by gel filtration on Sephadex G-75 column (Fig. 4) . Following tryptic digestion of the 130 and 65 kDa proteins, the 53 kDa (Fig. 5) and 30-35 kDa proteins (Fig. 6 ) were purified on a Mono Q column equilibrated with NH4HC03, pH 10.
The toxicity of the purified proteins against Aedes aegypti larvae is shown in Table 1 . Mixtures of the 130, 65 and 27 kDa proteins were tested against the mosquito larvae to investigate a possible synergistic relationship between the proteins ( Table 2 ). The ratios of the proteins tested were similar to those observed in the native crystals. A mixture of 130 and 27 kDa proteins (0.25 : 1, w/w) had an LCs0 value of 7-5 ng ml-l, which was more toxic than if either alone had been fed to the larvae (LCs0 of 27 kDa is 115 ng ml-I; LCs0 of 130 kDa is 32 ng ml-l).
The toxicities of the purified proteins to five dipteran and seven lepidopteran cell lines were compared using the neutral red tissue culture assay (Table 3) . Complete loss of viability occurred in 20-30 min when Aedes aegypti cells were incubated with 25 kDa protein (8 pg ml-I) (Fig. 7) or when Anophelesgambiae cells were incubated with 30-35 kDa proteins (200 pg ml-I) (Fig. 8) . However, complete loss of viability of Culex quinquefasciatus cells incubated with 53 kDa protein (150 pg ml-I) took 90 min to occur (Fig. 9) . 
DISCUSSION
It has been reported that after solubilization the toxicity of crystal protein is reduced markedly by fifty-to one hundred-fold (Insell & Fitz-James, 1985 : Visser et al., 1986 ). This reduction is not due to a real loss in toxicity but rather to a reduced level of toxin ingested by the larvae because of their filter feeding behaviour. To increase the uptake of the soluble proteins we precipitated (1985) reported that mixtures of the 27 plus 65 kDa proteins and also of the 27 plus 130 kDa proteins were more toxic than if the two proteins were fed individually to the larvae, suggesting a synergistic relationship between these proteins. We observed a synergistic relationship between the 27 and 130 kDa proteins (Table 2) but no synergism between the 27 and 65 kDa proteins.
The use of a neutral red tissue culture assay allowed rapid comparison of the Bti crystal proteins against a range of insect cell lines. This assay is quantitative, rapid and less laborious than the trypan blue assay (Thomas & Ellar, 1983) . The 130 kDa and 65 kDa proteins were not toxic to any of the cell lines except for the case of the 130 kDa protein against M. brassicae cells, suggesting that they are protoxins. However, the 27 kDa protein was toxic to the insect cell lines which could suggest either the presence of contaminating 25 kDa protein or that the 27 kDa protein was proteolysed by enzymes in the tissue culture assay. However, silver staining of SDSpolyacrylamide gels did not indicate the presence of any 25 kDa protein in the 27 kDa preparations, and 27 kDa protein incubated with culture medium in which cells had been incubated did not proteolyse the 27 kDa protein. The 25 kDa protein caused complete lysis of the dipteran cells in 30 min. Thomas & Ellar (1983) reported that Ae. albopictus cells incubated with alkali-solubilized Bti crystals (5 pg ml-l) lysed in 30-40 min. Johnson & Davidson (1984) reported that alkali-solubilized Bti crystals had LC50 values against Ae. aegypti and Ae. gambiae cells of 5.4 pg ml-and against C. fumiferana cells of 47.2 pg ml-l, but no toxicity against Plodia interpunctella cells. We also observed that the lepidopteran cells were tenfold less sensitive than the dipteran cells when incubated with 25 kDa protein, and the 25 kDa protein was not toxic to
